Background and aims Soils derived from serpentinite (serpentine soils) often have low macronutrient concentrations, exceedingly low Ca:Mg molar ratios and high heavy metal concentrations, typically resulting in sparse vegetative cover. This combined suite of edaphic stresses is referred to as the "serpentine syndrome." Although several plant community-level studies have been conducted to identify the most important edaphic factor limiting plant growth on serpentine, the primary factor identified has often varied by plant community and local climate. Few studies to date have been conducted in serpentine plant communities of alpine or boreal climates. The goal of our study was to determine the primary limiting edaphic factors on plant community species composition and productivity (cover) in the alpine and boreal climate of the Western Alps, Italy. Methods Soil properties and vegetation composition were analyzed for several sites underlain by serpentinite, gabbro, and calc-schist substrates and correlated using direct and indirect statistical methods.
Introduction
Serpentinite (ultramafic) rock is a relatively rare rock type consisting of hydrothermally-altered oceanic crust and upper mantle (ophiolite sequence) that has been emplaced on land within continental crustal rocks (Alexander et al. 2007; Brooks 1987; Malpas 1992) . Serpentinite (henceforth referred to as serpentine) has an unusual mineral composition being composed primarily of ferro-magnesium silicates. Serpentine weathers to produce soils with extreme adverse chemical and physical properties for plant productivity (Alexander et al. 2007; Kruckeberg 1984; Brooks 1987) . Adverse chemical properties include low macronutrient (N, P, K) concentrations, extremely low Ca and high Mg concentrations resulting in a low Ca:Mg molar ratio, and high heavy metal (Ni, Cr, Co) concentrations. Adverse physical properties include susceptibility to drought as a result of dark colour, coarse soil texture, rockiness, and shallow soil depth. These adverse serpentine soil properties have a profound influence on the plant species that they support. This combined suite of edaphic stresses is referred to as the "serpentine syndrome" (Kruckeberg 1984) .
The unique vegetation of serpentine soils has long fascinated biologists. Although this vegetation is typically sparse and stunted, plant diversity is often high with abundant endemic plant species (Kruckeberg 1984; Brooks 1987 ). Many studies have examined the numerous edaphic stresses of the serpentine syndrome to identify the primary factor influencing plant community species composition and cover (Carter et al. 1987; Chiarucci et al. 1998 Chiarucci et al. , 2001 Kayama et al. 2005; Kràm et al. 1997; Nagy and Proctor 1997; Roberts 1992; Robinson et al. 1996; Verger et al. 1993) . The relative strength and role of each edaphic factor has been found to vary greatly depending upon plant community and local climate (Proctor and Nagy 1991; Lazarus et al. 2011) . Heavy metals (particularly Ni) are often the edaphic factor of greatest focus in such studies due to their toxicity. The role of heavy metals in influencing serpentine vegetation is unclear. Some researchers have reported that Ni has strong negative effects on plant cover on serpentine (Lee 1992; Chardot et al. 2007 ), whereas others have reported little to no effect (Nagy and Proctor 1997; Chiarucci et al. 2001) .
Few studies examining the effects of multiple serpentine edaphic factors on plant community species composition and cover have been conducted in alpine or boreal climates. In the high elevation Ayas Valley in western Italy, Ni was found in high concentrations in plants growing on serpentine soil, however, no other edaphic factors were examined in the study (Vergnano Gambi 1992) . In nearby valleys, soil pH was found to be the primary factor influencing species composition on serpentine soils (Verger et al. 1993) . Relatively nutrient-rich, weakly-alkaline serpentine soils in boreal (subalpine) climate supported understory plant species typical of neutral pH soils. The serpentine soil did not support the subalpine Picea excelsa and Pinus cembra forest, as typical at the same elevation on nonserpentine soils. Neutral pH serpentine soils in the alpine climate supported plant species typical of neutral pH or alkaline soils. The influence of heavy metals was not examined. Recent studies conducted on serpentine soils of Mont Avic Natural Park, Aosta Valley, western Italy have revealed that acidic soils are dominant and the plant community species composition in montane, subalpine forest and alpine climate is typical of acidic soils (D'Amico 2006a, b) . Heavy metal stress was identified in both microbial and microarthopod communities, suggesting that acidic soil pH increases the bioavailability of heavy metals (D'Amico et al. 2009 ).
The purpose of this study was to determine the primary limiting edaphic factors of serpentine, gabbro, and calc-schist on plant community species composition and productivity (cover) in the alpine and forest habitats of the Western Alps, Italy. Focus was placed on the common edaphic factors of the serpentine syndrome, including macronutrient availability, Ca:Mg molar ratio, heavy metal availability, and rockiness.
Study area description
Mont Avic Natural Park spans the Chalamy and Champorcher Valleys of the Alps in Aosta Province, Italy (Fig. 1) . The climate is sub-continental with Mediterranean influence. Altitude ranges from 1000 m. to 2900 m. Average annual temperature decreases from 5°to -3°C and precipitation increases from 700 to 1200 mm between 1000 m. and 2600 m elevation (Mercalli 2003) . Most precipitation falls in autumn and spring. Summers are quite dry, but not dry enough to induce significant plant drought stress.
Mont Avic Natural Park is included in the Piedmontese Ophiolite Complex. Serpentinite (mainly composed of antigorite minerals) is the primary rock type in the study area, associated with small outcrops of mafic metagabbros and amphibolites (Occhipinti 1997) . Calc-schists emerge in the southern portion of the park above 2400 m. Pleistocene glaciers com-pletely covered the area until 12,000-15,000 years BP. Glaciation has resulted in soil parent material in the area being composed primarily of glacial till. The glacial till is of mixed lithology and contains serpentine rock in varying quantities. Subalpine (boreal) soils are podzolized (though not always classified as Spodosols) with deep acidification (D'Amico et al. 2008) . Cryoturbation is a common feature in the alpine zone and permafrost is present on north-facing slopes above 2600 m. Cryoturbation and sparse vegetative cover largely inhibit development of alpine soils as the rate of soil erosion exceeds soil formation (Sirois and Grandtner 1992) .; the soil chemical properties are strictly dependant on the parent material. In small areas of the alpine zone where vegetative cover is sufficient to protect soil from erosion, organic matter has accumulated along with soil acidification.
Serpentine vegetation in Mont Avic Natural Park differs markedly with slope aspect and elevation (Fig. 2) . Common herbaceous understory species growing on serpentine soil in the subalpine conifer forests include Noccaea alpestris subsp. sylvium (commonly known as Thlaspi sylvium) and Carex fimbriata (D'Amico 2006a, b) . The dominant herbaceous species on serpentine in the alpine zone is Caricetum fimbriatae while Carex curvula is the dominant species on metagabbro and calc-schist (Bovio and Broglio 2007; Buffa et al. 1998; D'Amico 2006a) .
Materials and methods
Field data collection, soil sampling and analysis Data collection was conducted in July and August 2008. 198 sites were subjectively chosen according to geology and vegetation (from existing cartography and field observations), following altitudinal and lithological transects. Some plots had previously been characterized (D'Amico 2006a, b) . A non-random sampling design was followed to obtain data on uncommon habitats which had the potential of being missed with a random selection of sampling plots.
A phytosociological survey was completed in homogeneous areas of 16 m 2 , estimating the cover (%) of each species. The following data were collected: altitude (m.), slope steepness (%), aspect, surface rockiness (SR, %), drainage, cryoturbation intensity (scale 1-5), erosion (qualitative), herbaceous species cover (%), and tree cover (%). SR, herbaceous species and tree cover were determined by visual area estimation. Drainage was estimated on the basis of standing water, redoxymorphic features (mottling and gleying) indicative of waterlogging in the soil horizons and on the presence of wetland indicator plant species. Cryoturbation intensity was qualitatively classified above the treeline, using observations of lichen cover on cobbles and boulders, the presence of mud bursts, mud flows in solifluction affected areas, discontinuities in plant cover (Hjort and Luoto 2009) , the presence of plant species and vegetation types indicators of soil instability. Plant species were identified according to Pignatti (1992) .
Soil pits were excavated in the middle of each plot down to the C or R horizon (parent material) and the soil profile was examined to assess soil development and pedogenic factors. Approximately 1 kg of soil was collected from the majority of the genetic horizons. All samples were air-dried and sieved to <2 mm, followed by physical and chemical analysis according to the methods of MPAF (2000) . Soil texture was determined by pipette method. Soil pH was determined by soil to KCl solution ratio of 1:2.5: pH determined in KCl solution gives more stable results compared to H 2 O measurements, but the values are lower than water pH (0.3-0.8 in the studied soils). Total acidity was determined with BaCl 2 -TEA extraction followed by titration with 0.1 M HCl. Total C (TOC) and Total N (TON) were determined by micro-Dumas dry combustion using a Thermo Fisher Flash EA 1112 CN Analyzer (Thermo Fisher Scientific, Waltham, Massachusetts, USA). Available P was determined by extraction with NaHCO 3 (Olsen). , and Ni 2+ (later on, Ca, Mg, Ni) were determined by extraction with CH 3 COONH 4 (ammonium acetate; 1 M). Cation Exchange Capacity (CEC) was calculated as the sum of exchangeable bases and acidity. Rock fragments>5 mm were cleaned with (NaPO 3 ) 6 (sodium hexametaphosphate), sorted according to the lithology, and weighed, to semi-quantitatively characterize the parent material of the soil horizons.
Data analysis
Data analysis was performed using R2.11.1 software (R Foundation for Statistical Software, Institute for Statistics and Mathematics, Vienna, Austria). Montane and subalpine conifer forest and alpine data sets were treated separately. Deciduous forest (Fagus) stands and anthropogenic grasslands (outliers) were omitted. In forest habitats, trees and shrubs were omitted, as their distribution depends primarily on altitude.
Vegetation types were classified through Cluster Analysis (CA). Some agglomeration criteria were examined (single, average (1) and complete linkage, median, centroid, Ward), but only (1) was chosen for later analysis owing to its highest cophenetic correlation value (Sneath and Sokal 1973) . The best dissimilarity algorithm (Bray-Curtis) was selected according to the function rank index in the Vegan package (Oksanen 2007) , which correlates many dissimilarity algorithms with a given gradient (in this case, soil-environmental properties).
To facilitate the ecological interpretation of the clusters, indicator species for each cluster were obtained with the help of the ISAMIC function, based on Dufrêne and Legendre (1997) .
The number of clusters was chosen according to their ecological significance. Cluster stability was assessed through the "bootstrap" noise-adding and subsetting methods (Hennig 2007) . These results are the Clusterwise Jaccard mean. If the mean is below 0.5, the cluster is regarded as "dissolved" and not significant, while the mean is regarded as "stable" and significant if the value is above 0.75.
A correlation analysis was performed on the soilenvironmental properties, to recognize co-linearities (R 2 above 0.8) and select a subset of independent variables to be used in the following elaborations. The selected variables were altitude, slope steepness, aspect, surface rockiness (SR), drainage, cryoturbation intensity, soil pH, TOC, TON, P, Ca, molar Ca: Mg ratio, Ni, herbaceous species cover (%), and tree cover (%). Altitude, TON, P, Ca, and Ni were logtransformed prior to analysis.
In order to detect the relationships between plant communities (obtained from the CA) and soilenvironmental properties, the Classification Tree method (CART) was used. CART is more adept at discerning the environmental factors involved in cluster separation than general discriminant analysis (De'Ath and Fabricious 2000) .
Canonical Correspondence Analysis (CCA, Ter Braak 1987) was used to highlight the important factors correlated with the vegetation gradients. We used biplot scaling focused on inter-species distances, without transforming species cover or downweighting rare ones. Sampling sites were labelled on the biplot with the number of the cluster they were included in, to show the dependence of plant communities on soilenvironmental (causal) factors. The statistical significance was verified with Montecarlo permutation tests.
The relationships between some serpentine species (presence-absence data) and soil-environmental properties were detected through Generalized Linear Models (GLM, binomial distribution) and CART. GLMs are better than canonical ordinations when considering single common species (Guisan et al. 1999) , while CART shows the optimal distribution ranges (Vayssiéres et al. 2000) .
Results

Soils
Chemical properties of soils on the different substrates were highly variable (Figs. 3 and 4) . Soil pH was generally lowest on gabbro soils, but subalpine serpentine soils were deeply acidified and desaturated as well, characterized by low biological activity mor and moder humus forms. Soil pH increased with altitude and disturbance on all substrates in the alpine zone. K (not shown) and TON concentrations did not vary significantly on the different substrates. P concentration was highly variable across all substrates. Soil TOC was highly positively correlated with soil TON and P concentrations (Table 1) , and thus was omitted from the statistical analysis.
Ca was unexpectedly high in the serpentine soils, particularly in soils rich in TOC. Mg was Fig. 3 Average values and variance of pH, Ni, Ca:Mg molar, and P in forest soils, formed on different substrates (SP=serpentine, GB=gabbro) low particularly at low soil pH (in agreement with Lee et al. 2001) . Consequently, the Ca:Mg molar ratio of serpentine soils included in the study varied from 0.2 in low organic E horizons in subalpine soils, up to 5 in the A horizons of some alpine and forest soils. The extreme value (16) was found in a subalpine serpentine crevice colonized by serpentine endemic species.
Serpentine soil Ni concentration was also highly variable, but was often positively correlated with soil Ca concentration. Soil horizons rich in TOC often contained high Ni concentrations. High soil exchangeable Ni concentrations also occurred in serpentine scree as a result of elevated total Ni content derived from the incipient weathering of serpentine parent material (Carter et al. 1987) . Ni concentration was typically low in strongly acidic subalpine serpentine soils.
The high weatherability of serpentine minerals resulted in higher clay and silt contents in serpentine soils, which were mostly loamy or loamy skeletal.
Vegetation
Forest vegetation data
Forest vegetation is grouped into 10 ecologically meaningful clusters (Fig. 5a ). Characteristic plant species associated with the Forest vegetation clusters are listed in Table 2 . Only a few of the clusters were statistically stable due to species in the plant communities being similarly associated with acidic soils (dominant condition of forest soils) and due to the lack of variation in plant community species composition across the different environments.
Clusters 1 and 2 were similar and included open subalpine Pinus uncinata and Larix decidua forest vegetation. Cluster 1 included sites on serpentine above 1800 m, enriched in serpentine-endemics including Carex fimbriata and Noccaea alpestris subsp. sylvium, and in the local serpentine indicator, Plantago serpentina. Cluster 2 included similar subalpine communities developed on gabbro, serpentine and mixed parent materials, devoid of serpentine species. Cluster 3 included species-poor sites developed in closed subalpine forests. Clusters 4 and 5 represented species-rich montane and subalpine sites. Cluster 5 included Pinus sylvestris forests, stream banks, rock crevices and scree containing several serpentine endemics or strong serpentine indicators such as Noccaea alpestris subsp. sylvium, Cardamine plumieri, Biscutella laevigata, Asplenium adulterinum and A. viride. Cluster 9 included riverbeds on serpentine, dominated by serpentine endemic and strong serpentine indicator species. The remaining groups included species-poor sites such as mine spoils and gabbro rock crevices. 
Alpine vegetation data
Alpine vegetation was grouped into 12 ecologically meaningful and (usually) statistically stable clusters, with two major divisions (Fig. 5b) . Characteristic plant species associated with the Alpine vegetation clusters are listed in Table 3 . The highest division isolated Clusters 12, 3, 6, 2, 7 from the other clusters. Cluster 3 included serpentine outcrops or talus, rich in the serpentine endemics Cardamine plumieri, Noccaea alpestris subsp. sylvium and Carex fimbriata. Cluster 12 is similar, but enriched in species strongly associated with alkaline soils due to the presence of calcschist outcrops upstream. Cluster 6 included highaltitude plant communities dominated by Festuca varia on meta-gabbro, strongly associated with acidic soils.
On the other side of the highest division are Clusters 9, 11, 10, 4, 1, 8, and 5. Cluster 9 consisted of steep, vegetated talus on mafic rocks. Plant species strongly associated with acidic, unstable soils, of Cluster 9 include Oxyrietum digynae. Cluster 11 included calcschist slopes supporting Curvuletum, a vegetation type normally associated with acidic soils, but here containing also alkaline soil species. Cluster 10 consisted of high altitude talus vegetation on serpentine supporting Thlaspietum rotundifolii and characterized by the Ni hyperaccumulator Noccaea corymbosa (commonly known as Thlaspi rotundifolium subsp. corymbosum). Cluster 4 consisted of gabbro and calc-schist typically supporting, strictly acidophilous Curvuletum. Cluster 1 included serpentine dominated by Carex fimbriata, as well as other plant species strongly associated with acidic soils (Ericaceae shrubs). Clusters 8 and 5 represented calc-schist and gabbro talus dominated by plant species strongly associated with acidic soils, but also contained some species normally associated with alkaline soils.
Soil-vegetation relationships
Forest vegetation data
The average values and variance of some edaphic properties under the vegetation clusters are shown in Fig. 6 . Serpentine plant communities of Mont Avic Natural Park were most strongly influenced by habitat factors, such as altitude, tree cover and surface rocks, and by soil Ni and pH values, which were the most important chemical factors correlated with vegetation differences. Other factors such as slope, drainage, Ca, Ca:Mg, P had a weaker correlation with vegetation changes, as revealed by CCA ( Fig. 7b; Table 4 ). Ca and Ca:Mg were positively correlated with the presence of serpentine species and plant communities. The first axis could be interpreted as an altitude/tree cover gradient, while the second as a disturbance gradient. The low proportion (22.6%) of the inertia explained by the model is due to the disorder typical of ecological systems (Chiarucci et al. 2001) , associated with a weak differentiation in species composition or to the omission of important environmental properties (e.g., bare soil, hydrography, winter snow depth, etc.) which deeply influence vegetation in mountain ecosystems (Guisan et al. 1998) .
Serpentine vegetation (Clusters 9, 1, and 5) was often associated with low tree cover (Fig. 7a) . Low Ca values characterized subalpine plant communities on all substrates (Clusters 1, 2, and 3), due to strong leaching. Low Ca:Mg characterized typical, stable subalpine vegetation, devoid of serpentine endemic species (Cluster 2), compared to the analogous vegetation on serpentine soils (Cluster 1). Serpentine endemic rich plant communities (Cluster 5) were associated with Ni and, often, high Ca and low P soils (Fig. 7a) .
Alpine vegetation data
Disturbed, pioneer plant communities (Clusters 3 and 10 on serpentine, 5 and 8 on gabbro and calc-schist) grew on soils characterized by higher pH, Ni, Ca, and lower P and N values than climax, stable plant communities on similar substrates (Clusters 1, 4, 6 and 11). Comparing similar well-developed and stable habitats, serpentine plant communities grew on soils characterized by a much higher Ni and a slightly lower N content than elsewhere. Ca was highest in the Curvuletum plant community developed on calcschists (Fig. 8) .
Plant cover, altitude and slope were effective in differentiating plant communities (Fig. 9a) . Low cover, high SR and Ni characterized serpentinic clusters (Clusters 1 and 3) . Carex fimbriata associations grew on strongly acidic soils (Cluster 1). A lower N content (not shown) separated high altitude stands on serpentine (Cluster10) from the ones on other substrates (Cluster8).
The low proportion of inertia explained by the CCA model (25%) was due to the same reasons discussed in the previous section. Axis 1 was correlated with slope, SR, drainage and Ni and could be interpreted as a drainage gradient (Table 4 , Fig. 9b ). The second axis is mostly related with aspect, cryoturbation, Ni, Ca and Ca:Mg (partially corresponding to a "disturbance" gradient). Most edaphic and environmental factors were correlated with both axes. Soil pH and Ni were the most influential chemical properties (long arrows, Ter Braak 1987) . The CCA separated the clusters quite well along the species-environment gradients.
Notes on some species
GLMs (Table 5) and CART, applied to some common species, showed interesting correlation with the chemical soil properties. The serpentine endemics Carex fimbriata, Noccaea alpestris subsp. sylvium, Noccaea corymbosa, Cardamine plumieri and the local serpentine indicators Luzula lutea and Biscutella laevigata appeared to be strongly correlated with high soil Ni concentration (Fig. 10a-c, Table 5 ). High soil pH was also strongly correlated with Noccaea corymbosa and Cardamine plumieri. Additionally, Noccaea corymbosa and Luzula lutea were strongly correlated with low soil Ca:Mg.
Carex sempervirens was preferentially distributed on serpentine soils with intermediate concentrations of Ni and low Ca:Mg. Common alpine species such as Carex curvula (Fig. 10d) and Luzula spicata were negatively correlated with Ni, emphasizing their absence on serpentine soils at Mont Avic.
Silene vulgaris grows on different soil types at Mont Avic. On serpentine sites with extreme physical and chemical soil properties, the species manifests unique morphological characteristics including short stature and thickened, blue-violet leaves. It may represent a unique serpentine adapted ecotype of the species.
Discussion
Forest habitats
Forest soils in Mont Avic Natural Park are generally well-developed influenced by the podzolization process on stable sites (D'Amico et al. 2008 ), or they are Entisols in steep or disturbed areas. N concentrations were found to be variable and not dependent upon parent material. P concentration was lowest in the most acidic, leached, and well-developed Spodosols. Forest serpentine soils exhibit bioaccumulation of Ca in the A horizon as a result of biocycling and organic matter accumulation. Ca is included in organic compounds and is also preferentially bound to exchange sites of organic molecules (Rodenkirchen and Roberts 1993) . In the most acidic soils, Ca is leached from the soil profile on all parent materials, while it is not bioaccumulated on serpentine. Mg is always depleted in surface organic layers of the forest soils, unlike that observed on serpentine soils of humid conifer forests in the Pacific Northwest, USA (Burt et al. 2001) .
Soil pH, Mg and Ni concentration were found to be inversely dependent upon the degree of soil development, which in turn, is related to soil moisture and stable, acidifying vegetative cover. Low soil pH, combined with high humidity, has resulted in substantial leaching of Ni. This is similar to the findings of Chardot et al. (2007) . An opposite trend with respect to soil Ni concentration (increased Ni availability at low pH) has often been observed (Chiarucci et al. 1998; Lee and Hewitt 1982; Robinson et al. 1996; Tsiripidis et al. 2010) , possibly resulting from a warmer and drier Mediterranean climate (less precipitation and leaching; Chiarucci et al. 1998; Tsiripidis et al. 2010) .
In boreal forests, serpentine habitats often stand out as treeless, barren islands, with isolated colonies of arctic or alpine plant species at the lower altitudinal limit of their distribution (Rune and Westerbergh 1991) . In Mont Avic Natural Park, forest vegetation of the serpentine soils is generally dense without any Fig. 7 CART and CCA scatterplot of forest habitats. It is possible to see the primary edaphic factors involved in forest vegetation differentiation (abbreviations: log(alt), logtransformed altitude; Ni, log(Ni); cover, plant cover above the treeline). Ca is expressed in cmol/kg. The first axis of the CCA scatterplot represents an altitude gradient, the second a stability gradient. Substrate (serpentinite %) is indicated by the curves marked stunting of growth. The lack of characteristic vegetation stunting and sparse vegetative cover (serpentine syndrome) of the forest serpentine soils may be the result of extensive leaching of Mg (relative to Ca) and Ni. Mg and Ni leaching would result in a higher Ca:Mg molar ratio and lower Ni concentration (less chemical stress) than typical serpentine soils, as seen in this study. A similar weakening of the serpentine syndrome on forest soils has also been documented in coniferous forests of northern California (Alexander 1988) . In that case, higher forest productivity on well developed, ancient soils was attributed to the progressive leaching of Mg and other heavy metals such as Ni. In Japan (Nakata and Kojima 1987) the humid climate induced a strong leaching of Mg from the podzolic soils, which supported a closed coniferous forest.
Subalpine serpentine vegetation of Mont Avic typically consists of acidophilous Vaccinietum with interspersed serpentine endemic or indicator plant species including Noccaea alpestris subsp. sylvium, Biscutella laevigata, and Carex fimbriata. Serpentine endemic plant species were generally found to be more abundant on less developed serpentine soils at Mont Avic. A similar trend has been found for serpentine vegetation at other sites in Italy (Chiarucci et al. 1998) , where the greater proportion of serpentine endemics was attributed to weaker nutrient cycling (compared to well developed forest soils) rather than to cation leaching. Cation (Mg and Ni) leaching appears to be the most important soil process at Mont Avic, determining the distribution/absence of serpentine endemics. Another reason explaining the smaller frequency of serpentine species in closed forests can be the high competition for light, space and soil resources which normally characterizes forest habitats. However, open forests on serpentine often host large numbers of some serpentine species, despite the high development degree of the soils and the dense herb and shrub cover. At Mont Avic, highest soil Ni concentrations were found where soil development was inhibited by steep slope (rock crevices, talus), or where occasional flooding along river beds deposits fresh serpentine alluvium, or along dry depressions, where subsurface waters enrich the soil in water-soluble cations (Lee et al. 2001) or in organo-metallic compounds (Sommer et al. 2000) . In these habitats serpentine species grew most abundantly (Cluster 5). Similar poorly developed sites on mafic rocks host an analogous vegetation devoid of serpentine endemics. P and N were sometimes lower where serpentine species grew in montane or disturbed soils than in similar gabbro sites, from which they were excluded. However, in stable habitats, nutrients were more abundant in soils supporting serpentine endemic rich communities than in the serpentine or gabbro soils not supporting serpentine species. Thus, their importance in differentiating vegetation on serpentine in montane climates seems negligible, when compared to their ability to differentiate vegetation on serpentine in mediterranean (Chiarucci et al. 2003) and boreal climates (Proctor 1992) .
Low N and P, Mg toxicity and low Ca:Mg molar ratio are often considered key components of the "serpentine syndrome"; however, their effects upon plant communities dominated by serpentine endemics appear to be negligible in the Mont Avic area. Distinct serpentine plant communities were only found where exchangeable soil Ni concentration was >2 mg kg −1 in surface horizons, both in primitive soils and in well developed, stable forest ones. Increased soil Ni concentration was positively correlated with the presence and abundance of serpentine endemic and indicator plant species at Mont Avic.
Statistical methods were not able to detect herb or shrub species excluded from high Ni serpentine soils. However, elevated soil Ni concentrations, along with other adverse chemical and physical conditions of the habitat, may act to exclude less adapted species, thereby favoring the dominance of highly-adapted, serpentine endemic plant species. Moreover, a positive effect of high soil Ni on the metabolism of some serpentine endemic Brassicaeae has been demonstrated by Gabbrielli et al. (1989) and by Bani et al. (2011) .
The lack of a significant change in drainage and soil moisture among serpentine species rich habitats and similar environments devoid of serpentine endemics indicates that subalpine serpentine vegetation is not strongly controlled by drought on the western Alps. This appears to be in contrast to the factors influencing serpentine vegetation in humid boreal (Carter et al. 1987) or Mediterranean habitats (e.g., Chiarucci et al. 2003) . Norway spruce (Picea excelsa) is absent from serpentine on Mont Avic, even though it is the dominating subalpine tree in nearby valleys on nonserpentine substrates. The lack of some conifer species on serpentine in Japan and Czech Republic, which are abundant on nonserpentine substrates, was attributed to Ni and/or Mg toxicity (Kayama et al. 2005; Kràm et al. 1997) . Non adapted tree species are also excluded from acidified serpentine soils in New Zealand due to high Ni availability (Robinson et al. 1996) .
Alpine habitats
Alpine soils of Mont Avic Natural Park are generally classified as Entisols or Inceptisols. Soil profiles are poorly developed due to poor vegetative cover, cryoturbation and high erosion rates. Cryoturbation, erosion and deposition frequently introduce unweathered substrate to the soil surface, which readily weathers releasing cations to the surface soil materials. Vegetation type in the alpine zone is highly dependent upon substrate and surface stability (steepness, erosiondeposition and cryoturbation processes). Serpentine vegetation is usually markedly different from nearby nonserpentine communities, both in physiognomy (stunted appearance) and species composition.
Alpine serpentine soils on stable surfaces accumulate organic matter, resulting in lower pH and elevated Ca: Mg molar ratio from Mg leaching. Despite the extremely low total Ca:Mg ratio, the available Ca:Mg ratio is Fig. 10 Tree classification showing the primary edaphic and environmental factors involved in the distribution of Carex fimbriata and Noccaea alpestris subsp. sylvium in forest habitats, Luzula lutea, and Carex curvula in alpine habitat often greater than 1, similar to underdeveloped, cryoturbated and eroded soils. Similar values have been observed in other young, skeletal and disturbed serpentine soils on the Western Alps (Vergnano Gambi et al. 1987) . In Mont Avic Natural Park, soil pH is often lower than in similar high altitude or arctic soils (Proctor 1992; Roberts 1992; Kataeva et al. 2004) , possibly due to soil waterlogging during snowmelt, which can cause severe base leaching (Sirois and Grandtner 1992) , or because of mineral differences which modify the weathering processes.
Soil Ni concentration at Mont Avic is up to 100 times higher than that of high altitude serpentine soils in Spain (Sanchez-Marañon et al. 1999) . Increased soil Ni at Mont Avic as compared to high altitude serpentine in Spain may be the result of increased mineral weathering from greater soil moisture. Similar Ni availability has been found by Rune and Westerbergh (1991) in Sweden, and on the Scottish Highlands by Proctor (1992) .
High soil Ni concentration at Mont Avic was highly correlated with the presence of serpentine endemic and serpentine indicator species. The serpentine endemics Noccaea alpestris subsp. sylvium, Cardamine plumieri, and Biscutella laevigata all grew where Ni was above 10-20 mg kg −1
. Carex fimbriata, an endemic species dominating alpine prairies on serpentine soils, was also positively correlated with exchangeable Ni. Some common alpine plant species such as Carex curvula and Luzula spicata were intolerant of serpentine at these elevated soil Ni concentrations. The stronger ecological role of high soil Ni concentrations in alpine as compared to Mediterranean habitats was previously documented (Vergnano Gambi and Gabbrielli 1981; Vergnano Gambi et al. 1987; Vergnano Gambi 1992) and soil Ni likely plays an important role in determining the distribution of serpentine endemic plant species at Mont Avic Natural Park.
The trend in ecological influence of metals in other alpine or subarctic habitats is unclear. In the UK, soil Ni was determined to not have a significant effect on vegetation, despite extremely high concentrations (Carter et al. 1987; Proctor 1992) . Likewise Ni does not appear to have a detrimental effect on vegetation in Newfoundland (Dearden 1979) .
The "serpentine syndrome" is normally visible on coarse, eroded and cryoturbated soils in humid boreal serpentine habitats (e.g., Proctor 1992) , but in the Western Alps some serpentine endemic species (Carex fimbriata, Noccaea alpestris subsp. sylvium, Noccaea caerulescens) also grew in dense plant communities on well-developed and extremely acidic soils. They are usually regarded as indifferent to soil pH (Richard 1985; Verger et al. 1993) , but it is here demonstrated that soil pH and base status are weakly involved in their distribution. In high altitude, humid climates drought does not appear to be a key factor for plant distribution on serpentine (Brady et al. 2005) , nor for enhanced metal toxicity (Chiarucci et al. 2001) . Disturbances inhibiting soil development are able to maintain high metal availability. Therefore, disturbed sites generally support more endemic, heavy metal adapted, Ni-hyperaccumulator species.
The stunted appearance of serpentine vegetation in Scotland was mainly attributed to P scarcity. In the study area, available P was unable to discriminate between similarly developed communities on different substrata, but between stable and unstable (Ppoor) sites. This good correlation between available P and soil stability-development degree is in agreement with the P biocycling and bioaccumulation on serpentinite (Bonifacio and Barberis 1999).
Conclusions
In the Alps, pedogenic processes change dramatically from forest to alpine habitats, influencing element availability. Forest acidic soil vegetation usually changes only slightly on the different substrates due to extreme acidification, podzolization, cation leaching and bioaccumulation of nutrients, while alpine vegetation strikingly depends on substrate type, and manifestation of the "serpentine syndrome" becomes readily apparent. However, similar edaphic and environmental factors can be included or excluded from the "serpentine factor", above and below the treeline.
The physical properties (coarse texture, excessive drainage, shallowness and dark colour) do not specifically characterize serpentine habitats. In fact, soil texture is finer on serpentine than on other rocks, because of its higher weatherability. Drainage and soil thickness are related with topography, erosion, aspect and altitude, and not with substrate type. Soil colour depends only on TOC content in surface horizons. However, the physical factors can be important in differentiating vegetation on similar materials (for example, influencing the distribution of closed forest communities).
Some chemical properties including the macronutrients N, P, K, and Ca can be excluded as factors influencing serpentine vegetation as well. These soil nutrients were observed to be more abundant under serpentine vegetation than elsewhere. The high variance of the Ca:Mg ratio in soils supporting serpentine endemic species and communities is evidence of its low impact on the local plant ecology; only few species are positively correlated with low Ca:Mg ratio.
Higher pH values were often found under serpentine vegetation (likely in relation with skeletal and disturbed soils), but only few species were correlated with this factor. Available Ni is correlated with serpentine species and plant communities. It is likely the most important ecological factor involved in community differentiation among the different substrates, which consists of the presence of a few metaladapted species on serpentinite in forest habitats. Above the treeline, Ni is related with the lower plant cover and the different species composition. The effect of heavy metals is particularly intense where soil development is inhibited by erosion, deposition and cryoturbation, which may maintain elevated concentrations in surface horizons.
Deep snow cover in winter and spring and humid summers which characterize the European Alps facilitate faster mineral weathering, element release and leaching, compared to Mediterranean habitats. Ni availability is increased by strong acidification, while the elevated rate of Mg leaching is counterbalanced by Ca bioaccumulation. Other possible causes of the different elemental balance in other humid, boreal or oceanic habitats may be related to mineralogical differences in the ultramafic parent material. Tsiripidis I, Papaioannou A, Sapounidis V, Bergmeier E (2010) Approaching the serpentine factor at a local scale -a study in an ultramafic area in northern Greece. 
